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We studied the carrier dynamics in a series of SnO, thin films using femtosecond transient 
absorption (TA) spectroscopy. The observed carrier relaxation was found to be strongly dependent 
on thin film stoichiometry. The TA spectra corresponding to free carriers, trapped carriers, and 
state filling were observed in the picosecond time region for SnOz, SnO,, and SnO film, 
respectively. The TA decay kinetics of all films were best fit with a tri-exponential decay model 
with fast (1 ps), medium (~10 ps), and slow (ns) components. Our results revealed the carrier 


relaxation and recombination processes in SnO, 
stoichiometry in photo-induced phenomena. 


Oxide semiconductor materials have garnered tremen- 
dous attention in the last decade owing to their diverse appli- 
cations in transparent electronics, sustainable energy, etc. 
Among the variety of oxide semiconductors, tin oxide is of 
special interest because of its excellent stoichiometry flexi- 
bility, remarkable microstructure tunability, and wide optical 
band gap." While the n-type tin dioxide (SnO 2) has been 
widely explored in various applications, such as solar cells 
and gas sensors, the p-type tin monoxide (SnO) has received 
ever-increasing research interest in recent years due to its 
moderate carrier mobility and unique ambipolar conductiv- 
it A fundamental understanding of the carrier dynamics 
in photo-excited semiconductor materials is of great impor- 
tance for improving the efficiency of many optoelectronic 
and photocatalytic devices.'**! The ultrafast optical spec- 
troscopy (UOS) has been proved to be a very promising tool 
for studying the thermalization, trapping, and recombination 
of photo-excited carriers in various oxide semiconduc- 
tors.” 77 Pervious experimental studies revealed that defect 
states in SnO, play a critical role in the carrier decay 
kinetics, resulting in a sub-nanosecond decay process.” S? 
However, despite extensive studies of ultrafast carrier 
recombination in n-type SnO, nanostructures,*°*? the 
knowledge of free-carrier dynamics in p-type SnO remains 
hitherto unclear. Therefore, it is essential to study the 
ultrafast carrier dynamics in stoichiometric modified SnO, 
materials for deeper understanding the fascinating photo- 
physical properties of tin oxide. 

In this letter, the ultrafast carrier dynamics in SnO, thin 
films were investigated as a function of compositional varia- 
tion using femtosecond transient absorption (TA) spectros- 
copy. The TA spectra of pristine SnO film showed a 
dominant bleaching peak at ~500 nm, which is attributed to 
state-filling of optical transition near the band edge. On the 
contrary, photo-induced absorption by free carrier absorption 
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thin films, identifying the critical role of 


and defect-related absorption were observed in the stoichio- 
metric SnO, and oxygen deficient SnO, films. In all films, 
the photo-excited carriers relaxed over three different time 
scales and the free carriers showed long lifetimes up to a few 
nanoseconds. Our results revealed a quantitative picture of 
carrier relaxation and recombination processes in tin oxide 
semiconductors, which could be useful for the potential utili- 
zation of tin oxide in future device applications. 

The SnO, films used in this study were prepared on 
quartz glasses using reactive rf magnetron sputtering under 
various oxygen partial pressure (Po), with a thickness of 
~200nm. Details about the film fabrication and various 
property characterizations can be found elsewhere.** The 
femtosecond TA spectroscopy was performed using a stand- 
ard white-light pump-probe measurements. The excitation 
pulse at 355 nm (3.49 eV) emitted from an optical parametric 
amplifier pumped by a Yb:KGW femtosecond laser 
(1.20eV, 190 fs, and 6kHz) was chopped with a frequency 
of 137 Hz and focused loosely on the sample films. The typi- 
cal pump fluence was <100 uJ/cm?. The white-light probe 
pulse was generated by focusing a 1.2 eV laser pulse onto a 
sapphire plate. The transmitted probe pulse after the sample 
films was detected by a Si photodetector after a monochro- 
mator. The differential transmittance signals, AOD, were 
obtained by comparing the transmittance of probe pulses 
with and without the pump pulses using lock-in detection. 
The temple resolution of the measurement system was 
~280 fs. All measurements were performed at room temper- 
ature. Further details can be found in Ref. 35. 

Figure 1(a) shows the XRD patterns of the SnO; films at 
various Po. At low Po, clear XRD peaks were observed, 
which can be unambiguously assigned to those of the «-SnO 
crystal structure (P4/nmm, JCPDS card No. 06-0395). 
Further increasing the Po above 10.7%, the XRD patterns 
became broad and featureless, indicating the amorphous 
nature of the films. This result is consistent with the previous 
report.*4"° The crystallinity of the films were elucidated 
based on the XRD data to be nanocrystalline, amorphous, 
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and polycrystalline for SnOz, SnO,, and SnO, respectively. 
Figure 1(b) presents the linear transmittance spectra of the 
SnO, films. As the Po increased, the optical bandgap of the 
SnO, films increases continuously from ~2.86eV to 3.7 eV, 
which is in a good agreement with the previous report. "53437 
Furthermore, the optical transmittance spectra clearly dem- 
onstrate that there is absorption below the band edge, which 
is related to the shallow defect state within the band gap. 
Figure 2 illustrates the typical TA spectra of SnO», 
SnO,, and SnO films at various time delays under 355 nm 
pulses excitation, respectively. The pump photon energy 
(3.49 eV) was utilized to near resonance with or higher than 
the band gap energy of the tin oxide films. To eliminate the 
possible effect of excitation photon energy on carrier dynam- 
ics, femtosecond pump-probe measurements were carried 
out with 2.41eV (515nm) photons corresponding to two- 
photon absorption well above the band edge. The results 
appear to be identical with the data under 3.49 eV excitation. 
In order to avoid second-order charge recombination, all the 
measurements were performed by keeping the laser fluence 
less than 30 uJ/cm?. In the SnO, film, we observed a Drude- 
like free carrier response and a broad absorption peak 
centered at 530 nm (2.34eV) almost immediately after exci- 
tation. This absorption band is consistent with the pervious 
photoluminescence (PL) experiment, which is ascribed to 
defect state in the bandgap of SnO}.** It is worth noticing 
that the observed spectral change is analogous to that of the 
benchmark oxide semiconductors TiO , indicating carrier 
relaxation in the nanocrystalline SnO, film is similar to the 
nanocrystalline TiO.”* ** As the delay time increases, the 
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FIG. 2. Transient absorption spectra of the SnOz, SnO,, and SnO films 
excited with 355 nm (3.49 eV) laser pulses at fluence of 14 uljem’. 


2.34eV absorption band rapidly broadens and vanishes after 
tens of picoseconds, leaving a broad and featureless TA 
spectrum persists up to a few nanoseconds. In the oxygen de- 
ficient SnO, film, the strong absorption band at 530 nm can 
be clearly identified at very early time delays. This result 
indicates that a large number of defect states form in the 
amorphous SnO, film, which effectively trap the photo- 
excited carriers. With an increase in the delay time, the 
530nm absorption band shows a small blueshift, which 
could be attributed to the crossover between shallow defect 
state near the band edge to deep defect state located in the 
forbidden gap. ”® Contrary to the SnO, film, the relaxation of 
the 530nm absorption band proceeds much slowly in the 
SnO, film. After 30 ps, a distinct TA signal is still observable 
over the whole spectrum. Then, the spectrum gradually loses 
its structure in about hundreds of picoseconds. Finally, only 
a large and featureless continuum and a faint absorption 
band signal are detectable for time delays up to nanosecond 
regime. This result indicates that the carrier lifetime is rather 
long in the SnO, film. In polycrystalline SnO film, however, 
laser excitation leads to an instantaneous buildup of bleach- 
ing feature with maximum at ~500nm (2.49eV), while a 
positive absorption signal in the 570—640 nm region is evi- 
dent which is attributed to free carrier absorption. The 
observed bleaching of interband transition is smaller than the 
optical band gap determined by linear transmittance mea- 
surement, which indicates the defect-related bleaching is 
dominant in the visible regime. The amplitude of TA signal 
indicates that the concentration of defect states in the poly- 
crystalline SnO film is smaller than the amorphous SnO, or 
SnO, films, which is consistent with the previous PL meas- 
urements. "S Following the intense bleaching, the TA spec- 
trum decays within tens of picoseconds, resulting in a nearly 
featureless and positive continuum which extends over the 
entire investigated spectral range after 250 ps time delay. 
The quartz substrate was also measured under the same 
experimental conditions and found to have negligible 
response. We confirmed that no photo-induced damage of 
the sample was observed during our experiments, and the 
TA signal is repeatable at different spot of the SnO, films. 
The normalized TA decay dynamics of SnOz, SnO,, and 
SnO films are shown in Figs. 3(a)—3(c) for a probe photon 
energy of 2.33 eV, respectively. For all of the samples stud- 
ied, no excitation-intensity-dependent decay process was 
observed until the pump fluence was larger than 46 pJ/cm?. 
Othonos et al. reported the intensity threshold for high order 
effects such as Auger recombination take place at 50 4J, /cm?* 
for SnO, nanowires.”* Therefore, our measurements were 
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FIG. 3. Normalized transient absorp- 
tion decay dynamics extracted at 
2.33eV (532nm) for (a) SnO, (b) 
SnO,, and (c) SnO films under weak 
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conducted in the low perturbation regime. The decay curves 
show a pulse-width-limited instantaneous rise, followed by a 
multi-exponential recovery. This characteristic behavior is 
observed for all probing wavelengths. The first 20 ps decay 
dynamics of all three films are composed of a fast and a slow 
decay component with time constants T} of 1 ps and Tt, of 
tens of picoseconds, respectively. And the carrier decay in 
long time scale was rather slow with lifetime t3 of up to a 
few nanoseconds. The experimental data can be fitted by 
a convolution between the instrument response function and 
a tri-exponential decay model 


AT (t) = Rirr Q > Aew(-2) ; (1) 


i=1,3 i 


where A7(t) is the normalized transmittance change, Rip is 
the instrument response function, t; and A; are the time con- 
stants and amplitudes, respectively. The fitting parameters 
obtained for the three films are summarized in Table I. The 
relative uncertainty for both decay times and amplitudes is 
~15%. It can be found that the model fits the experimental 
data very well. 

Here, we consider the origin of the observed carrier 
recombination dynamics in tin oxide films. It is known that 
photo-generated carriers can follow different decay path- 
ways, which depends on crystallinity and stoichiometry of 
the semiconductor materials. In amorphous SnO, and SnO, 
films, the TA signal due to free carrier absorption and 
defect-related absorption appears immediately after pump 
excitation, indicating that the thermalization of hot photo- 
excited carriers via carrier-carrier scattering and defect 
trapping is accomplished on the order of hundreds of 


TABLE I. Summary of fitting parameters for transient absorption dynamics 
of tin oxide films. 


A, Tı (ps) A2 T2 (ps) A3 T3 (ns) 
SnO, 0.59 1.0 0.16 9.5 0.22 2.2 
SnO, 0.48 12 0.18 12.0 0.29 1.8 
SnO 0.51 1,3 0.23 10.5 0.22 1.9 


femtoseconds. Similar ultrafast carrier relaxation was also 
reported for other oxides.***4 The fast decay component 
(~1 ps) was observed for both films and found to be power- 
independent under our experimental conditions. This result 
indicates that the high order carrier-carrier interaction proc- 
esses such as Auger recombination are not important. 
Therefore, we attribute the fast decay to the redistribution of 
photo-generated carriers among the shallow defect states 
below the band edge. The relatively slow decay component 
could be assigned to the nonradiative relaxation of carriers 
toward deeper trap states in the band gap. Finally, the long 
decay component is related to the carrier recombination 
from this deep trap state to the valence band. The timescale 
we observed is analogous to the carrier relaxation time in 
SnO% nanowires reported by Othonos et al?’ And similar 
carrier decay process has been recently observed in other 
semiconductor materials.*’“° In the polycrystalline SnO 
film, the negative TA signal peaking at ~500 nm emerges at 
very early time delays, which is attributed to the ultrafast 
bleaching of the defect state. After photo-excitation, the 
relaxation of bleaching on a few picoseconds time scale is 
assigned to the cooling of hot carriers to the band edge or 
shallow defect state. Similar to the SnO2 and SnO, cases, 
these shallow trapped carriers gradually relax into deep trap 
states on 10 ps time scale. These trapped carriers have a long 
lifetime (~2 ns), and thermal activation of carriers in the trap 
states induces absorption signal up to a few nanoseconds. 
Regardless of the decay mechanisms, we note that at less 
24% of photo-excited carriers in all three films remain for 
time delay longer than Ins. The observed long lifetime of 
carriers is extremely useful for photocatalytic and transpar- 
ent electronics applications. Therefore, our results demon- 
strate that the sputtered SnO, thin films are promising 
candidate materials for applications in solar cells, thin film 
transistors, sensor, etc. 

In summary, we studied the ultrafast carrier dynamics of 
SnO>, SnO,, and SnO thin films prepared by magnetron sput- 
tering using femtosecond transient absorption measurements. 
The thin film stoichiometry was found to play a critical role 
in determining the optical properties and dynamics of photo- 
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generated carriers. The transient absorption signals corre- 
sponding to the free carrier absorption, defect-related absorp- 
tion, and photo-bleaching were observed in SnOz, SnOx, and 
SnO films, respectively. Kinetics of these transients was 
fitted well with a multi-exponential decay model with fast 
(~1 ps), medium (~10 ps), and long (ns) time constants 
under weak excitation fluence conditions. Our results eluci- 
date the carrier relaxation mechanism of tin oxide materials, 
which is necessary for further optimizing the operation of 
SnO-based devices. 
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